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Synopsis




This thesis entitled “Synthesis and Biological Activity of New Podophyllotoxin Congeners and C8-linked DNA Interactive Pyrrolo
[2,1-c][1,4]benzodiazepines “has been divided into five chapters. Chapter-I gives the introduction about the chemotherapy of cancer, DNA topoisomerase II inhibitors with particular reference to podophyllotoxin and DNA interactive pyrrolo[2,1-c][1,4] benzodiazapenes. Chapter-II consists of the design and synthesis of novel benzothiazole substituted 4-N-podophyllotoxin congeners as potential anticancer agents. Chapter-III comprises two sections. Section-A deals with development of new methodology for 4-aminopodophyllotoxins and synthesis of 4-amidoanalogues of podophyllotoxin as anticancer agents. Section-B deals with synthesis of novel epipodophyllotoxin carbamate analogues. The fourth chapter also comprises two sections. Section-A contains development of new methodologies for synthesis 4-podophyllotoxin compounds. Section-B deals with application of those methodologies in the synthesis and biological evaluation of 4-polyarylaminopodophyllotoxin analogues. Chapter-V deals with the synthesis of 1-(4-pyridyl)-2-imidazolidinone linked DNA binding pyrrolobenzodiazepine hybrids.

Chapter I - Introduction and Present Status of the Work
Our bodies are made up of millions of tiny cells. Most of our cells divide and multiply from time to time - when an old cell is worn out or damaged, a new cell is formed to replace it. Each cell contains genes (made up from our DNA). The proteins inside the gene control when the cell should divide and multiply. If the gene is damaged or altered (may be because too much or too little protein is being made) the cell becomes ‘abnormal’. This abnormal cell can then divide and multiply, without knowing when to stop. When a group of abnormal cells clump together and grow a ‘tumour’ forms. Several distinct classes of anticancer drugs are now being used in chemotherapy and are generally termed as antineoplastic agents. These include DNA topoisomerase I and II inhibitors, antimitotic agents, DNA-interactive agents and other miscellaneous compounds.
Topoisomerases are ubiquitous enzymes charged with the task of resolving topological problems, which arise during the various processes of DNA metabolism, including transcription, recombination, replication and chromosome partitioning during cell division.  As a result of performing this vital role, topoisomerases are necessary for the viability of all organisms from unicellular bacteria to humans. This intriguing family of enzymes has also aroused considerable interest since many antibacterial and antitumour drugs target topoisomerases and influence key steps in their catalytic cycle.
Podophyllum peltatum, commonly known as the American mandrake or Mayapple, and the related Indian species Podophyllum emodi have been used medicinally for centuries. Podophyllotoxin is a bioactive lignan isolated from these plant sources and this compound has been the focus of extensive chemical modification leading to the clinically useful anticancer drugs such as etoposide, teniposide (Figure 1), both of them inhibit the DNA toposiomerase II.  Apart from the treatment of various types of cancers, podophyllotoxin exhibits antiviral properties and has also been used for the treatment of genital warts. 
A wide variety of antitumour agents have been shown to influence the catalytic cycle of topoisomerase II which are classified into intercalating agents as well as non-intercalating agents. The podophyllum lignans belongs to the class of non-intercalating agents, block the catalytic activity of DNA topoisomerase II by stabilizing a cleavable enzyme-DNA complex in which DNA is cleaved and covalently linked to enzyme.




It is very well documented that some of the non-sugar substituted analogues, particularly the nitrogen containing congeners like C4-N-arylamino/anilino derivatives of 4'-demethylepipodophyllotoxin, are as active or more active than etoposide in their inhibition of the human DNA topoisomerase II. These promising results promoted the synthesis of C4-N-substituted podophyllotoxin derivatives by replacing 4-hydroxyl group of epipodophyllotoxin or 4'-O-demethylepipodophyllotoxin. The resulting compounds showed promising inhibitory activities, which inturn lead to the synthesis of a number of compounds.
The pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) belonging to the class of DNA-interactive antitumour antibiotics have potential as regulators of gene expression with possible therapeutic application in the treatment of genetic disorders including cancers, as selective anti-ineffective agents, and as probes and tools for use in molecular biology. The naturally occurring pyrrolo[2,1-c][1,4]benzodiazepine (PBD) antitumour antibiotics are anthramycin, tomaymycin, chicamycin, DC-81, abbeymycin, prothramycin, and sibiromycin (Figure 2). The mechanism of action of the PBDs is associated with their ability to form an adduct in the minor groove, thus interfering in DNA replication. After insertion in the minor groove, an aminal bond is formed through nucleophilic attack of the N2 of guanine base at the C11 position of PBD imines (Figure 3).





Chapter II - Synthesis of Benzothiazole Substituted 4-Aminopodophyllotoxin Congeners as Anticancer agents

This chapter describes the synthesis and Biological activity of different 2-(4’-aminophenyl)benzothiazole substituted epipodophylloyoxin and 4’-O-demethyl epipodophyllotoxin analogues. These analogues have been synthesized by the facile coupling of benzothiazoles to podophyllotoxin by using methanesulphonic acid/NaI, evaluated for their anticancer activity and topoisomerase-II inhibition. The intermediate benzothiazoles have been obtained by different routes.
2-(4’-Aminophenyl)benzothiazole (3a), 2-(4’-amino-2’-chlorophenyl) benzothiazole (3b) and 2-(4’-amino-3’-methylphenyl)benzothiazole (3c) have been obtained in one step by heating the appropriate aminobenzoic acid (2a-c) and 2-aminithiophenol (1) in polyphosphoric acid.  2-(4’-Amino-3’-bromophenyl)-bezothiazole (3d) was obtained from 2-(4’-aminophenyl) benzothiazole (3a) by reaction with bromine (Scheme 1).

Scheme 1


2-(4’-Aminophenyl)-6-methoxybenzothiazole (3e) and 2-(4’-Aminophenyl)-6-fluorobenzothiazole (3f) has been obtained from different approach. Reaction of substituted aniline (4a-b) with p-nitro benzoylchloride (5) yields the appropriate benzanilide (6a-b). This was converted to the thiobenzanilide (7a-b) by using Lawesson’s reagent. This thiobenzanilide was converted to appropriate 2-(4’-nitrophenyl)-6-benzothiazole (8a-b) from Jacobson’s cyclisation by using K3[Fe(CN)6]. Reduction of this nitro compound with stannous chloride affords appropriate benzothiazole (3e-f). (Scheme 2) 

Scheme 2


2-(4’-Aminophenyl)-4-chlorobenzothiazole (3g) and 2-(4’-aminophenyl) –4, 6-di-chlorobenzothiazole (3h) has been obtained from appropriate 2-aminobenzothiazole (9a-b). These benzothiazoles converted to appropriate 2-aminothiophenols (10a-b) by using 50% aqueous KOH and ethylene glycol. This thiophenol is heated with 4-aminobenzoic acid (2a) in polyphosphoric acid to afford appropriate benzothiazole (3g-h) as shown in Scheme 3.

Scheme 3


The new 2-(4’-aminophenyl) benzothiazole substituted 4-aminopodophyllotoxin congeners have been synthesized by coupling of various substituted and unsubstituted 2-(4’-aminophenyl) benzothiazole compounds (3a-h) with podophyllotoxin by employing CH3SO3H/NaI reagent system. The reaction proceeds via the formation of 4-iodopodophyllotoxin or 4-iodo-4'-O-demethylpodophyllotoxin as intermediates. As the iodo intermediates are highly reactive and susceptible to nucleophilic attack by slightest moisture, these have been subjected in the crude form for the next step of the reaction to yield the final products. The synthetic scheme developed for the synthesis of this new 2-(4’-aminophenyl)benzothiazole substituted podophyllotoxin congeners have been shown in Scheme 4. By employing dichloromethane as solvent compounds 13a-h obtained with 4'-O-demethylation, whereas the use of acetonitrile as a solvent compounds 12a-h obtained without 4'-O-demethylation (Scheme 4). The substitution via SN1 mechanism occurs on the C-4 benzylic carbonium ion where in, the bulky pendent aromatic E-ring and CH3SO3H/NaI directs the substitution stereoselectively resulting in high yield of C-4 isomer as the main product. The present method by employing CH3SO3H/NaI leads to the desired products in good yields. 

Scheme 4


These new 4N-podophyllotoxin analogues have shown promising anticancer activity in various cell lines particularly colon, lung and oral cancers with better topoisomerase-II inhibition. It is anticipated that these compounds may show improved drug resistance profile as well.

Chapter III: (Section-A) Development of New Methodology for 4-Aminopodo-phyllotoxins and Synthesis of 4-Amidopodophyllotoxin Congeners as Antitumour agents

	Etoposide and teniposide, which are derived from podophyllotoxin analogues, have been widely used anticancer agents. These compounds exhibit their antitumour activity by inhibiting nuclear enzyme DNA topoisomerase II. However, the clinical efficacy of etoposide is hindered by several limitations such as development of drug resistance, metabolic inactivation and poor water solubility. In this chapter, new classes of 4-amidopodophyllotoxin analogues have been synthesized to overcome the limitations of etoposide. Furthermore, a new methodology for 4-aminopodophyllotoxins has been developed, which are key intermediates for the synthesis of amido derivatives of podophyllotoxin.
A new method has been developed for the preparation of 4-amino-4’-O-demethylpodophyllotoxin/4-aminopodophyllotoxin (16a/16b), which in turn is prepared from the corresponding 4-azido-4'-O-demethylepipodophyllotoxin /4-azidoepipodophyllotoxin (15a/15b) via reduction by using HCOONH4/Pd-C. These 4-azidopodophyllotoxins (15a-b) are prepared from podophyllotoxin (11) by the treatment with methanesulphonic acid/ sodium iodide (CH3SO3H/NaI), followed by azidation with NaN3/CF3COOH. (Scheme 5)


Scheme 5


The new 4-amido analogues of podophyllotoxin or 4'-O-demethylepipodophyllotoxin have been prepared by the coupling of 4amino podophyllotoxin or 4-amino-4'-O-demethylepipodophyllotoxin with the corresponding acids in presence of EDCI, HOBt in dichloromethane and by treating the appropriate acid chloride or sulphonyl chloride in presence of pyridine/Et3N. In this chapter, new amido substituted podophyllotoxin congeners have been synthesized and evaluated for their anticancer activity. (Scheme 6-7).
Scheme 6



Scheme 7


A number of these new analogues possess comparable or superior in vitro anticancer activity. In the literature mostly 4’-O-demethyl derivatives have been investigated for their anticancer activity. Another interesting aspect observed in this investigation is that a large number of analogues exhibit improved cytotoxicity particularly in the presence of 4’-O-methyl functionality.






Chapter III: (Section-B) Synthesis of Novel Epipodophyllotoxin Carbamate Analogues 

Due to the limitations, the structure of etoposide (VP-16) has been extensively modified, thus increasing the information about its structure-activity relationships. The most important modification is that of the substituent in the 4-position leading to potent inhibitors of topoisomerase II, such as TOP-53 which proved to be more active than VP-16. The amino derivative TOP-53 displays twice the inhibitory activity of VP-16 against topoisomerase II and exhibits in vivo superior antitumor activity than VP-16 against several types of cancer. Accordingly, TOP-53 underwent in phase II clinical trials but could not proceed further due to toxicity related problems. It is therefore important to synthesize less toxic derivatives of TOP-53 and to find new VP-16 analogues by improving its clinical efficacy to overcome the limitations cited above, and also clarify the molecular mechanism of this class of topoisomerase II inhibitors.
In the course of our general program aimed at the discovery of new antitumor drugs and, especially, of new 4-epipodophyllotoxin derivatives as topoisomerase II inhibitors, we report here the synthesis of novel series of such derivatives. In analogy with TOP-53, we decided to introduce different compounds, moreover, a carbamate group in the 4-position, thus leading to the first series of derivatives of 4-epipodophyllotoxin carbamates 30a-i.
The synthetic route to the new derivatives 30a-i is depicted in Scheme 8. The podophyllotoxin 11 was first converted in to epipodophyllotoxin by using a previously described procedure by treatment with CH3SO3H and barium carbonate to afford 14b. Compound 14b was then converted into its 4-activated derivative 29 by simple treatment with p-nitrophenylchloroformate in pyridine. Introduction of the carbamate chains was performed by reacting 29 with the appropriate amines in the presence of triethylamine, affording compounds 30a-i in good yields (Scheme 8).
Scheme 8




Chapter IV: (Section-A) Development of New Methodologies for Synthesis 4-Podophyllotoxin Analogues 

	Presently there is a growing interest in the synthetic aspects of N-linked derivatives of podophyllotoxin as DNA topoisomerase II inhibitors. In literature there are methods reported for the synthesis of these compounds, but each method has its own limitation. This prompted to develop a facile, efficient and cost effective method for the synthesis of 4-arylamiopodophyllotoxin analogues.
	The present chapter describes highly practical one-pot procedure for the preparation of epipodophyllotoxin/4’-O-demethylepipodophyllotoxin 14a-b (Scheme 9), 4N-derivatives of podophyllotoxin by employing BF3.OEt2/NaI and/or ZrCl4/NaI reagent systems with significant stereoselectivity and improved yields. (Scheme 10)
Scheme 9
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Chapter IV: (Section-B) Synthesis and Biological Evaluation of 4-Polyarylamino Podophyllotoxin Analogues 

Topoisomerases are ubiquitous enzymes that play an important role in the modulation of DNA topology. Since the DNA topology dictates how genetic information is transcribed and expressed. The importance of topoisomerases has been implicated in many essential cell functions such as transcription, replication and chromosome segregation at mitosis.
The studies conducted on podophyllotoxins with regard to the inhibition of DNA topoisomerase II have shown the following relationships between structure and anticancer activity. The bulky group and -configuration at 4 position of podophyllotoxin increases the anticancer activity. It is observed that trans lactone ring, methylenedioxy group and free rotation of E-ring is crucial for optimum antitumour activity. Based on these SAR aspects, this chapter describes the synthesis of several polyaromatic substituted 4N-podophyllotoxin analogues (40a-f, 41a-f) by employing BF3.OEt2/NaI or ZrCl4/NaI (Scheme 12). The intermediate amino compounds benzophenoneamine 36 and its mustard 39 have been obtained from (4-fluorophenyl)(4-nitrophenyl)methanone 35, which is prepared from fluorobenzene 33 and 4-nitrobenzoyl chloride 34 as shown in Scheme 11. 
Scheme 11
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Chapter V: Synthesis of 1-(4-Pyridyl)-2-Imidazolidinone Linked DNA Binding Pyrrolobenzodiazepine Hybrids

The investigation of the biological consequences of DNA modifications, due to compounds endowed with the property of intercalating directly with DNA, provides vital information on the general molecular recognition process for DNA-interactive antitumour agents.
Many drugs that possess chemotherapeutic activity intercalate with DNA. The orientation in the geometry of the limited drug-DNA complexes has been studied by using X-ray diffraction, NMR spectroscopy and traditional solution methods. It has also been shown that a wide variety of planar ring systems can intercalate with DNA to exert their antitumour activity.
In the present work, synthesis of novel PBD hybrids has been carried out. These include 1-(4-pyridyl)-2-imidazolidinone linked to pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) through alkyl chain spacer. This study is with an objective to improve the structure activity relationship for antitumour activity and DNA sequence specificity.
Synthesis of novel PBD hybrids has been carried out employing the 1-(4-pyridyl)-2-imidazolidinone 45 as the starting material. This is synthesized from 2-chlorethylpyridylurea 44 by cyclisation, which is obtained by condensation of 4-aminopyridine 42 and 2-chloroethyl isocyanate 43. (Scheme 13)

Scheme 13


The key intermediate 55 has been synthesized by employing the commercially available vanillin (46). Oxidation of vanillin followed by esterification by literature methods provides the vanillin methyl ester 48. Benzylation of compound 48 has been achieved by using benzyl bromide. Nitration of the benzylated ester compound 49 affords the nitro compound 50 Ester hydrolysis, followed by coupling of proline methyl ester provides the compound 52. Reduction of compound 52 followed by EtSH protection of the aldehyde 53 affords the compound 54, which upon debenzylation provides the key intermediate 55 (Scheme 14). 
Scheme 14


	The compounds 56a-c has been obtained by etherification with dibromo alkanes of compound 55. These compounds reacted with 45 yields copounds 57 a-c. These upon reduction of the nitro group employing SnCl2.2H2O in methanol and followed by deprotection of thioacetal group of the compounds 58a-c afford the target compounds 59a-c (Scheme 15).


Scheme 15


The DNA binding activity for these new PBD hybrids has been examined by thermal denaturation studies using calf thymus (CT) DNA. Melting studies show that these compounds stabilize the thermal helix-coil transition (Tm) for the CT-DNA duplex at pH 7.0, incubated at 37 ºC. In this assay the compounds 59a, 59b and 59c have shown Tm 4.0, 0.2 and 4.1 oC at 0 h incubation On the other hand, the naturally occurring DC-81 exhibits a Tm of 0.7 ºC. This demonstrates that the new PBD hybrids have remarkable DNA binding affinity.















PAGE  



xxii



